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New EMAT Applications: Ultrasonic Ellipsometer and Detection of
Cracks under Fasteners
Abstract
The ability to excite new wave types, such as the horizontally polarized shear (SH) waves, enables EMAT's to
perform functions not easily realized with conventional piezoelectric transducers. This paper describes two
examples. An ultrasonic ellipsometer is presented which can excite, and detect, shear waves of arbitrary
elliptical polarization. It therefore becomes possible to make precision measurements of elastic properties by
making direct comparison of the propagation properties of the SH and SV (vertically polarized) components
of the wave. The principles of operation are demonstrated by measuring fluid level, a surface property which
.produces differential attenuation of the two components of the wave and thus a change in its elliptical
polarization, and texture, a bulk property which produces differential velocity shifts. Preliminary data directed
towards the measurement of adhesive bond strength is also included. A second technique presented is a new
approach to the problem of detecting cracks under fasteners in wing lap joints. It has be.en found that SH
waves, excited on the outer surface of the wing, can be injected into the lower surface of the joint by a wave
guiding effect. The reflections of these waves from fastener holes contains information indicating the presence,
and size, of flaws. Preliminary experimental results demonstrating this new technique are included.
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NEW EMAT APPLICATIONS: ULTRASONIC ELLIPSOMETER 
AND DETECTION OF CRACKS UNDER FASTENERS 
R. B. Thompson and C. F. Vasile 
Rockwell International Science Center 
Thousand Oaks, California 91360 
ABSTRACT 
The ability to excite new wave types, such as the horizontally polarized shear (SH) waves, enables 
EMAT's to perform functions not easily realized with conventional piezoelectric transducers. This paper 
describes two examples. An ultrasonic ellipsometer is presented which can excite, and detect, shear 
waves of arbitrary elliptical polarization. It therefore becomes possible to make precision measurements 
of elastic properties by making direct comparison of the propagation properties of the SHand SV (vert-
cally polarized) components of the wave. The principles of operation are demonstrated by measuring fluid 
level, a surface property which .produces differential attenuation of the two components of the wave and 
thus a change in its elliptical polarizat;ion, and texture, a bulk property which produces differential 
velocity shifts. Preliminary data directed towards the measurement of adhesive bond strength is also 
included. 
A second technique presented is a new approach to the problem of detecting cracks under fasteners in 
wing lap joints. It has be.en found that SH waves, excited on the outer surface of the wing, can be in-jected into the lower surface of the joint by a wave guiding effect. The reflectioQS of these waves from 
fastener holes contains information indicating the presence, and size, of flaws. Preliminary experi-
mental results demonstrating this new technique are included. 
SUMMARY 
Figure 1 illustrates the principles of the ul-
trasonic ellipsometer. In accordance with the ob-jectives and approach delineated in part {a}, it 
is desired to simultaneously excite SH and SV 
waves with controlled amplitude and phase so that 
the polarization of the elliptically polarized 
shear wave, formed by their superposition, is 
known. This is accomplished using the unique 
ability of EMAT's to excite both wave types as 
shown in part (b). Similarly, EMAT's are used to 
detect the two wave types, and the signals can 
again be recombined with selected amplitude and 
phase. By measuring changes in the output, a di-
rect comparison of the propagation properties of 
the two wave components can be made. The func-
tional block diagram of the device constructed is 
shown in part (c). Here separate EMAT's operating 
in the far field were used. In this first demon-
stration, full electronic control of phase and am-
plitude was not incorporated. However, provisions 
were made for looking at the individual SH or SV 
signals, and for combining the two with phase and 
amplitude adjusted for a null or sum output. 
Changes in material properties were detected by 
destruction of the null, with the output being 
proportioned to the imbalance of wave properties. 
Such a device can be used on either thick 
specimen or thin plates. figure 2 defines the op-
eration point required in the latter case. Part 
(a) shows the dispersion curves for guided elastic 
waves on a flat plate. At the indicated point, 
the n = 0 symmetric Lamb mode and the n = 1 SH 
mode curves are tangent. Thus these waves have 
the same phase and group velocities. Further ex-
amination, as shown in part {b), reveals that each 
consists of plane shear waves bouncing at an angle 
of 450 between the plate surfaces. Thus, the 
resulting superposition is truly an elliptically 
polarized shear wave. If the plate is aniso-
tropic, or has a iayered structure, this degenera-
cy is split. Part {c) illustrates this splitting 
for the case of an adhesively bonded sandwich in 
which each of the metai sheets has a thickness 
equal to that of the single plate considered 
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above. It can be seen that the initial pair of 
modes is split into two pairs, much as the modes 
of two identical harmonic oscillators are split by 
a weak coupiing. It is believed that a precise 
measurement of these mode splittings will provide 
important information regarding the strength of 
the bond'. 
Figure 3 presents results of some simple ini-
tial experiments. In part (a), the variation in 
output at the null port has been plotted versus 
angular orientation on a l/8 inch {0.318 em) 
thick, rolled aluminum plate. The texturing of 
the plate is clearly detected. The results have 
been normalized to directly read the velocity dif-
ference between the two modes, and the high sensi-
tivity of the device is illustrated by the small 
differences detected. These results illustrate 
the ability to detect small changes in bulk pro-
perties producing velocity shifts. 
Part {b) shows the device output as a function 
of water level in a vessel with 1/8 inch 
{0.318 em) thick plate walls. fhere the ratio of 
the $H amplitude to SV amplitude is plotted. As 
the portion of the propagation path in contact 
with the water increases, this ratio increases due 
to the absorption of the $V wave. The SH ampli-
tude is unchanged since it does not couple to the 
fluid. This illustrates the detection of changes 
in surface properties producing attenuation 
shifts. In the ellipsometric mode, the null out-
put can be adjusted to be zero for no water pre-
sent with an increasing signal occurring as the 
fluid level increases (not shown). For the par-
ticular problem of fluid detection, this is less 
desirable because of decreased dynamic range (once 
the SV wave has been heavily attenuated, the null 
output is virtually a constant). However, for 
other measurements of surface conditions, such as 
detection of corrosion, for exampie, this might be 
the preferred mode. 
Part (c} presents some preliminary data ob-
tained on an adhesively bonded specimen. These 
two aluminum plates were joined with FM73 adhe-
sive. One side of each plate was prepared for 
bonding by anodizing, the other side was bonded in 
the received surface condition known to produce a 
considerably weaker bond. The oscilloscope photo-
graphs show the waveforms observed in the SH, SV, 
and null modes on the two sides of the plate. In 
each case the SH signal is a clean tone burst 
while the SV signal has a secondary peak. The 
origin of this peak is not fully understood at 
this time, but it is significant that it shifts 
abruptly in time as the transducers are moved from 
the •good" side of t~e plate to the "bad" side. 
This effect is accentuated in the null mode since 
the large peak is suppressed. This data is the 
result of the first measurements on an adhesively 
bonded sample. Further work is in progress to 
more completely define the origin of this poten-
tially useful effect. 
The remainder of the paper deals with a dif-
ferent problem: the detection of cracks under 
fasteners. A program has been recently initiated 
to attack this based on the EMAT technology used 
in a slightly different way. In progress results 
are presented here. Figure 4a presents the prob-
lem: the detection of cracks growing in the lower 
half of the lap joint where the presence of the 
upper plate and the fuel tank sealant make direct 
ultrasonic access quite difficult. The technical 
approach, as described in Fig. 4b, again makes use 
of the SH waves excited by EMAT's. Here, however, 
advantage is taken of the fact that these waves 
can propagate around corners, as in a waveguide, 
with fewer losses and spurious signals being gen-
erated by mode conversion, than is the case for SV 
waves. figure 5 discusses some of those points in 
greater detail. 
In fig. 6, some of the technical data that led 
to this approach is presented. Part (a) gives 
measured values of the transmission and reflection 
coefficients for the n = 2 and n = 3 SH modes for 
both corners and S-Jogs in aluminum plate. The 
data demonstrates the ability to inject signals 
into the vicinity of the lower fastener hole from 
OBJECTIVES 
• HIGH PRECISION MEASUREMENTS OF CHANGES IN 
ELASTIC PROPERTIES AS NEEDED TO DETERMINE 
BOND STRENGTH, TEXTURE, OR OTHER PHYSICAL 
PROPERTIES 
APPROACH 
• HORIZONTALLY POLARIZED SHEAR (SH) WAVES 
AND VERTICALLY POLARIZED SHEAR (SV) WAVES ARE 
ARE EXCITED AND DETECTED IN A SINGLE EMAT DEVICE 
• AMPLITUDE AND PHASE ADJUSTMENTS ARE MADE FOR 
NULL OUTPUT 
• CHANGES IN ELASTIC PROPERTIES REMOVE NULL: 
OUTPUT IS PROPORTIONAL TO CHANGE 
• COUPLING VARIATIONS AND DIFFRACTION LOSSES 
DO NOT AFFECT THIS NULL OUTPUT, SO TECHNIQUE 
IS MORE SENSITIVE THAN SIMPLE VELOCITY MEASUREMENT 
Fig. 1 Ellipsometer principles; (a) objectives, (b) 
concept, (c) functional block diagram. 
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transducers mounted on the wing skin, away from 
the lap joint region. Part (b) shows the result 
of a second set of measurements, made on a flat 
plate with no geometrical complexities. Here the 
SH-wave back-scattering was measured as a functon 
of angle of illumination for a simple hole and a 
hole with a crack, growing in the upward direction 
as shovm. The angu 1 ar dependence in the scatter-
ing produced by the crack is striking, and con-
tains information regarding the size and location 
of the crack. 
It is the purpose of this program to combine 
these two results, the ability of SH waves to pro-
pagate around corners and the ability of SH waves 
to sense cracks growing from holes, into a tech-
nique for detecting cracks under fasteners. 
Figure 7 presents some preliminary results. These 
show that, for a partial simulation of the wing 
structure, the back reflected signal increases 
with slot depth. Fixtures are presently being 
made to enable this, and other measurement config-
urations, to be evaluated more completely. Em-
phasis will be on measurements made on the com-
plete C5A wing lap joint structure. 
In summary, the ability of EMAT's to excite SH 
modes has been used to advantage to make precise 
physical property measurements and to inspect com-
plex structures. Their ability to op.erate without 
contact, such as on painted surfaces, suggests 
that many important applications will follow. 
Programs directed at the measurement of adhesive 
bond strength and at the detection of cracks under 
fasteners are already in progress as discussed in 
this.paper. 
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Fig. 2 Ellipsometric measurements on plates; (a) 
point of operations on isotropic plate, (b) 
details of mode profiles, (c) splitting 
occurring in an adhesive bond. 
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Fig. 3 Applications of ellipsometer; (a) measure-
ment of texture, (b) measurement of fluid 
level, (c) measurement of bond strength 
adhesive. 
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IHIHIUNI:I 
THE PROBLEM: 
TO DETECT CRACKS IN LOWER PLATE OF WING LAP JOINT 
A 
CRACKS IN LOWER PLATE NOT 
DETECTABLE BY CONVENTIONAL 
TECHNIQUES BECAUSE OF HEAVY 
ATTENUATION AND REFLECTION 
OF SEALANT. 
WING LAP JOINT 
CRACKS IN UPPER PLATE DETECTABLE BY 
EXISTING TECHNIQUES 
THE APPROACH 
• EXCITE SH WAVES WITH EMATS ON PLATE B .. 
• WAVES PROPAGATE AROUND CORNERS, AS 
IN WAVEGUIDE, TO HOLE AND FLAW. 
• CRACKED HOLE IS DETECTED BY CHANGE 
IN THE SCATTERED FIELD. 
Fig. 4 Detection of cracks under fasteners; {a) 
problem, {b) approach. 
• THIN SKIN ACTS AS A WAVEGUIDE WHICH CHANNELS ENERGY TO 
LOWER JOINT 
ENERGY TO 
FLAW 
~-----B __ _ 
, 
I 
\ ENERGY RETURNS ONLY 
AFTER LARGE TIME DELAY 
• DISPERSION CURVE SHOULD BE USED TO SELECT FREQUENCY AND 
WAVELENGTH 
• n = 2 AND n = 3 MODES APPEAR MOST USEFUL SINCE THEY ARE WELL 
SEPARATED FROM OTHER MODES FOR PRACTICAL TRANSDUCERS 
SH-OtSPERSION FOR 9/32" ALUMINUM PLATE 
Fig. 5 Waveguiding effects on SM waves in lap 
joints; (a) energy guided to flaw, (b) 
modes must be selected using dispersion 
curve. 
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PARTICULAR SH WAVES WILL 
PROPAGATE AROUND CORNERS 
AND BENDS WITH LOW LOSS. 
goo BEND (1/41N. ALUMINUM) 
MODE FREQUENCY TRANSMISSION REFLECTION 
n=2 0.693 MHz 0.88 
n=3 0.896 MHz 0.10 0.05 
5-JOG (1/4 IN. ALUMINUM) 
MODE FREQUENCY TRANSMISSION REFLECTION 
n=2 0.709 MHz 0.40 0.40 
n=3 0.919 MHz 0.24 0.20 
NOTE: ENERGY IS NOT CONSERVED IN REFLECTION 
AND TRANSMISSION BECAUSE OF MODE 
CONVERSION. 
Fig. 6 Experimental keys to detection of cracks; 
(a) SH energy propagates around bends and 
corners, (b) crack changes scattering from 
hole. 
BACKSCATTER VERSUS POSITION MEASURED ON 
PARTIAL SIMULATION OF LOWER HALF OF LAP 
JOINT 
100 200 
CRACK LENGTH (MILLS) 
NO CRACK 0.250"" CRACK 
300 
-80 
-100 
CRACK IN HOLE SIGNIFICANTLY CHANGES 
SH WAVE SCATTERING 
-160 
t AMPLITUDE 
0 
180 160 
80 
100 
SH WAVE "BACK SCATTER" FROM HOLE AND SLOT AS MEASURED 
ON A 0.157 CM THICK PLATE AT 0.5 MHz. 
(NOTE: TRANSMITTER AND RECEIVER WERE DISPLACED BY 50) 
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CRACK 
SIZE 
0.100" 
0.150"' 
0.200" 
0.250" 
0 
-o 
0 
-o 
0 
-o 
0 
-o 
REFLECTION COEFFICIENT CORRELATES WITH 
CRACK SIZE 
Fig. 7 Prelimioary experimental results; (a) ex-
·perimental configuration, (b) reflection 
versus crack size. 
